Introduction
Phenolic compounds, including bisphenol A (BPA), benzophenone-3 (BP-3), alkylphenols (APs), triclosan and chlorophenols, are widely used from personal to agricultural and industrial needs. BPA is raw material of polycarbonate and epoxy resins, which are used to produce baby bottles, lunch boxes, food and beverage packaging materials and dental sealants (1, 2) . BP-3, a common sunscreen agent, is used in cosmetics and plastic surface coatings (3) . APs such as 4-tert-octylphenol (4-t-OP), 4-n-octylphenol (4-n-OP) and 4-n-nolyphenol (4-n-NP) are major degradation products of non-ionic surfactant alkylphenol polyoxyethylene ether, which are important in domestic industrial and agricultural use (4) . Triclosan (2,4,4'-trichloro-2'-hydroxyphenylether) and chlorophenols including pentachlorophenol (PCP) and trichlorophenols (TCPs) possess antiseptic functions. Triclosan has been added to soaps, wound disinfections and toothpastes (5) , and chlorophenols have been used in wood preservations (6, 7) . Moreover, chlorophenols are intermediates in the production of a variety of pesticides (6) .
Because of the extensive use of phenols, the general population may be exposed to phenolic compounds through inhalational, dermal and oral contact with phenol-containing foods and beverages, in addition to air, drinking water, dust, soil and personal care products (8) . BPA, APs, chlorophenols and triclosan are endocrine-disrupting compounds (EDCs) (2, 9, 10) , and health risks caused by exposure to phenols, including reproductive and endocrine abnormalities (11, 12) , cardiovascular disease (13) , immune dysfunction (9) , metabolic syndrome (13) , behavioral impairment (6) and cancer (14, 15) have recently become hot issues of public concern. Methods used for environmental monitoring of phenols in water have been widely reported (16 -18) . In addition to environmental detection, methodological development for determining phenols in tissues and body fluids is important to provide a reliable estimation of individual exposure.
Phenols are primarily excreted in urine and feces in their glucurondiation and sulftation types (19, 20) . Therefore, individual phenol internal exposure level can be assessed by monitoring free or total (conjugated and free) phenols in human urine.
Several ways to detect phenols in human urine have been developed, including gas chromatography (GC) coupled with mass spectrometry (MS) (21 -23) , liquid chromatography (LC) equipped with ultraviolet spectrophotometry (UV), and immunochemical analysis (24 -26) . However, GC-MS requires a derivatization step to improve the volatility of the analytes, which complicates sample preparation. The sensitivity of UV is not suitable to determine trace phenol exposure in the population not exposed occupationally (25) . Immunochemical analysis needs a special antigen-antibody system that is often unavailable, and this method is unable to simultaneously determine different kinds of phenols.
In contrast, LC-MS is a sensitive, specific and applicable technique to simultaneously determine various phenols. Additionally, LC-MS analysis usually needs less sample manipulation than GC-MS. However, although there are reports on the determination of urinary phenols with LC-MS, most only focused on a few kinds of phenols (27 -29) . Because parallel exposure to bioactive phenols in the population may induce combined adverse health effects (23), a suitable LC-MS based methodology to determine various phenols in urine is necessary. Ye et al. presented a method to determine nine environmental phenols in human urine with LC-MS-MS (30) . Nonetheless, 4-n-OP and 4-n-NP (two major degradation products of alkylphenol polyoxyethylene ether) (23) , PCP (an important fungicide widely used as a wood preservative) or 2,3,4-TCP (a chlorophenol chemical existing in arable soils) (7, 31) could not be monitored by using this method. Moreover, the health risks resulting from exposure to these four phenolic compounds have caused increasing public concern (7, 23, 32) . This paper presents a method to determine nine environmental phenols using ultra-high-performance liquid chromatography (UPLC)-electrospray ionization (ESI)-MS-MS. This method focuses on determining a wide scope of urinary phenols that have aroused public concern. The method includes the measurement of BPA, BP-3, APs (4-t-OP, 4-n-OP and 4-n-NP), chlorophenols (2,3,4-TCP, 2,4,5-TCP and PCP) and triclosan ( Figure 1 ).
Materials and Methods
Chemicals and reagents BPA, 2,3,4-TCP, 2,4,5-TCP, PCP, triclosan, 4-t-OP, 4-n-OP and 4-n-NP were purchased from Dr Ehrenstorfer GmbH ( purity . 98.5%, Bu¨rgermeister-Schlosser, Augsburg, Germany). BP-3 ( purity 98.0%) and b-glucuronidase/sulfatase type H-1 from Helix pomatia (1,926,000 units/g) were purchased from Sigma Aldrich (St. Louis, MO). BPA-d6 (99.5 atom % D), PCP-13 C6 (99 atom % 13 C), 4-n-NP-2,3,5,6-d4,OD (99.3 atom % D) were purchased from CDN Isotope (Pointe-Claire, Quebec, Canada). The chemical structures of the studied compounds are given in Figure 1 . Methanol (MeOH) was purchased from Merck (Darmstadt, Germany). Water was purified by an ELGA Purelab Ultra system (Vivendi Water Systems, Buckinghamshire, UK). Due to the presence of BPA in plastics and APs in the degradation of detergents, to avoid contamination from environmental sources, all disposable bottles for urine collection and storage were glass and thoroughly rinsed with purified water and MeOH. The pre-rinsed bottles were used after dryness. Additionally, glassware was used as often as possible in the experiment.
Urine collection and blank urine preparation For method development, validation and quality control (QC), urine was collected from volunteers from affiliated hospitals of Nanjing Medical University. The protocol and informed consent were approved by the Institutional Review Board (IRB) of Nanjing Medical University prior to the study. All studies involving human subjects were conducted under full compliance with government policies and the Helsinki Declaration. All urine samples were stored at -208C.
Urine samples without detectable levels of the nine target analytes were pooled, and this blank urine was analyzed before use to ensure that the pool was void of phenol contamination.
Preparation of standards and QC samples
The stock solutions of nine phenols were prepared by dissolving measured amounts of the compounds in MeOH. Working standard solutions containing all phenols were generated by serial dilution of the stock solutions in MeOH. The isotopelabeled internal standard spiking solution was also prepared in MeOH. These solutions were stored at -208C. Fortified urine standards and QC samples were prepared by adding 10 mL of working standard solutions into 4 mL of blank urine with concentrations from 0.01 to 50 ng/mL, and were next prepared following the sample preparation procedure. The reconstituted fortified urine standards and QC samples prepared in MeOH were stored at -208C. The QC samples were analyzed in parallel with unknown samples. The enzyme solution, containing 20,000 units/mL, was generated by dissolving 0.01 g of b-glucuronidase/sulfatase type H-1 from Helix pomatia in 963 mL of 1 M ammonium acetate buffer solution ( pH ¼ 5.0).
Sample preparation
Four milliliter aliquots of unknown urine samples were gently mixed with 10 mL of an isotope-labeled internal standard spiking solution containing BPA-d6 (8 mg/L), PCP-13 C6 (8 mg/L) and 4-n-NP-2,3,5,6-d4,OD (1.6 mg/L), 10 mL of enzyme solution and 2 mL of 1 M ammonium acetate buffer solution ( pH ¼ 5.0). The fortified urine standards, blank controls (urine blank and reagent blank) and QC samples were prepared in the same manner as the unknown urine samples. After incubation at 378C overnight, the samples were subjected to solid-phase extraction (SPE) for cleaning and preconcentration.
The SPE procedure was performed with an Envi-18 (500 mg/ 3 mL; Supelco, Bellefonte, PA). First, the SPE cartridge was conditioned and equilibrated successively with 3 mL of MeOH and 3 mL of water. Next, approximately 6 mL of the enzymatic treated samples containing isotope-labeled internal standard were loaded onto the SPE cartridge and subsequently washed with 3 mL of water and 3 mL of 50% MeOH -water (v/v 1:1). Finally, the analytes were harvested by eluting with 6 mL MeOH.
After dryness, two reconstitution steps were applied for the determination of different compounds.
Step 1: for determination of 2,3,4-TCP, 2,4,5-TCP, BP-3, triclosan, 4-t-OP, 4-n-OP and 4-n-NP, the SPE eluate was reconstituted with MeOH to a volume of 200 mL.
Step 2: 20 mL of the preceding reconstitution was transferred to be mixed with 100 mL of MeOH for determination of BPA and PCP. All reconstitutions were centrifuged at 12,000 g at 48C for 15 min before UPLC injection.
Chromatographic conditions
The UPLC -MS-MS system consisted of a Waters Acquity UPLC system and a Waters Quattro Premier mass spectrometer, and was controlled by Masslynx software. The separation was conducted on an Acquity UPLC BEH, C18 column (1.7 mm, 2.1 Â 100 mm) maintained at 358C equipped with a filter (Frit, 0.2 mm, 2.1 mm; Waters) and a Van Guard BEH, C18 precolumn (1.7 mm). The flow rate was 0.25 mL/min. Mobile phases A and B were MeOH and water, respectively.
Two gradients were developed for the separation of different compounds on the column. Gradient A, for the determination of 2,3,4-TCP, 2,4,5-TCP, BP-3, triclosan, 4-t-OP, 4-n-OP and 4-n-NP, was 0 -0.4 min at 50% A; 0.4 -8.4 min at 50 to 65% A; 8.4 -9 min at 65 to 85% A; 9 -9.5 min at 85 -90% A; 9.5 -11 min of 90% A; 11-12 min at 90 to 100% A; 12 -14 min at 100% A; 14 -17 min at 50% A. Gradient B, for the determination of BPA and PCP, was 0 -8 min at 50% A; 8 -11 min at 100% A; 11 -14 min at 50% A. The injection volume was 3 mL in partial loop with needle overfill injection mode and the sample chamber temperature was kept at 48C.
Mass spectrometry conditions
The detection was conducted on a Waters Quattro Premier mass spectrometer using ESI probe in the negative ion mode and with multiple reaction monitoring (MRM) mode. The optimal parameter settings for the nine phenols were as follows: capillary voltage, 2.5 kV; extractor voltage, 6 V; RF lens, 0.5 V; source temperature, 1208C; desolvation temperature, 4008C; desolvation gas flow, 800 L/h; cone gas flow, 50 L/h. The other parameters are presented in Table I .
Quantification
Calibration curves were generated using the fortified urine standards, which were processed and analyzed in the same manner as the unknown samples. The internal standard method was used to determine BPA, PCP and 4-n-NP, the retention times (RTs) of which were the first, middle and last of the nine phenols, respectively, with corresponding isotope-labeled internal standards. The external standard method was used to determine the other six phenols.
Results and Discussion

Method development
All phenols clearly showed precursor and product ion peaks in negative ion mode with the ESI source, which allowed the sensitive and selective determination of these phenols in the MRM mode. The MRM approach was developed by optimizing the cone voltage and collision energy to induce the highest intensities of characteristic fragment ions. Based on the relationships between the MS-MS ions, the fragmentation pathways of collision-induced dissociation (CID) for generating daughter ions for quantitation were proposed as follows: BPA ( parent ion at m/z 227) might generate a major daughter ion at m/z 212 by the loss of a methyl free radical. The m/z 211 (BP-3 main daughter ion) might come from a parent ion at m/z 227 by the loss of a methane. The primary product ions of m/z 195 (2,3,4-TCP and 2,4,5 -TCP parent ion) were m/z 159, suggesting that the parent structure might lose a hydrogen chloride. The major fragment ion of PCP and triclosan was chloridion A reversed-phase column was selected, which is normally used in the determination of urinary phenols (24, 25, 27 -30) . A 100 mm C18 UPLC column was employed instead of a 50 mm column for better column separation. Gradient A was developed and showed excellent separating capacity, such as complete separation of 2,3,4-TCP and 2,4,5-TCP isomers (Table I, Figures 2 and 3) . To evaluate matrix effects, the percentage of the signal response of analyte obtained from urinary matrices was calculated as reported previously (33) [matrix effects ¼ (signal response of analyte fortified in post treated blank urine) / (signal response of analyte fortified in neat MeOH at corresponding concentration) Â 100%]. The matrix/standard signal response ratio for BPA was approximately 45%, while matrix/ standard signal response ratios for other phenols ranged from 88 to 113%. This indicated that no phenols except BPA presented significant matrix effects when analyzed with Step 1 and Gradient A. To stabilize BPA detection by further minimizing urinary matrix effects, several solutions were combined. In addition to employing an isotope-labeled internal standard, urine preconcentration levels were reduced (Step 2) and Gradient B was established to more thoroughly separate BPA and urinary matrices. Due to the stretched PCP peak during Gradient A, PCP was also determined in Gradient B. The matrix/standard signal response ratios for BPA and PCP were both approximately 100% when analyzed with Step 2 and Gradient B. Therefore, matrix effects were shown to be minimized.
Method validation
The method exhibited excellent linearity of all compounds, with the square of the correlation coefficient no less than 0.99 (the linear range is shown in Table II ). Because urinary triclosan and BP-3 concentrations were over 50 ng/mL in few samples (Table III) , which was beyond upper limit of linearity, these reconstituted samples were further diluted with MeOH before determination.
The method using the MRM mode showed good selectivity in determining urine samples. No obvious interferences were observed in any phenols (Figures 2 and 3) .
Fortified urine was analyzed to determine the limits of detection (LODs) based on a signal-to-noise ratio (S/N) of 3 ( Table II) . The LODs correlated with those in previous reports (22, 29) . Because phenols are ubiquitous in the environment, to examine contamination, urine blank and reagent blank were analyzed, which were prepared and determined in the same manner as the unknown urine samples in each analytical batch. No detectable phenols were found in these blank controls (Figures 2 and  3 ). Typical chromatograms for urine blank and fortified urine at low concentrations of phenols are shown in Figure 2 .
To assess intra-day and inter-day precision and recoveries, fortified urine samples were measured repeatedly for four days (Table II) . Recovery was expressed as a mean percentage of the expected value (measured value/expected value Â 100%).The method showed acceptable accuracy, with recoveries from 93 to 138% at low concentration and 78 to 113% at high concentration. With the exception of low concentrations of 2,3,4-TCP, 2,4,5-TCP and triclosan, intra-day and inter-day relative standard deviations (RSDs) of almost all analytes were less than 25%, suggesting good reproducibility and stability during sample preparation and determination. As expected, excellent precision and accuracy (RSDs mostly less than 15%, recoveries from 93% to 114%) were observed in the determination of BPA, PCP and 4-n-NP, in which isotope labeled internal standards were employed.
Method application
To further validate this method, it was employed to determine human urine samples and internal exposure levels were obtained of phenols in 325 urine samples of the Chinese adult population with no known occupational exposure to phenols (Table III) . Typical chromatograms for urine samples of detectable phenols and reagent blanks during the determination are shown in Figure 3 . The detectable rates of phenols were from 9 to 64%, and the detected urine concentrations covered a Concentrations are fortified urine concentrations and given in ng/mL. wide range from 0.02 to 893.17 ng/mL. These results confirmed the sensitivity and availability of the method in the nonoccupational population study.
The median value of BPA obtained in this study was close to a BPA exposure study conducted in a Chinese population without occupational exposure (36) , indicating the accuracy of this method. Among these phenols, BPA, BP-3 and triclosan were found at relatively higher detectable rates, which agreed with a previous report in the population of the United States (30) . Compared with the US population, the exposure to phenols in the non-occupational Chinese adult population was characterized by similar levels of 2,4,5-TCP and PCP exposure, slightly higher 4-t-OP exposure and lower BPA, triclosan and BP-3 exposure (34, 35) . The difference of exposure to phenols between the Chinese non-occupational adult population and the US population might be attributable to different living styles and exposure chances. An intriguingly significant gender bias of BP-3 exposure was found at each percentile, which results from the usage of cosmetics. This suggested a much higher health risk of exposure to this phenolic compound in Chinese women.
Conclusions
This paper presents a sensitive, accurate and reproducible method suitable for the determination of nine environmental phenols in human urine with UPLC -MS-MS. This method allowed the simultaneous SPE separation of nine environmental phenols and the determination of these analytes with two LC injections. Except for BPA (36) , the application of this method was the first pilot survey of the exposure of various phenols in the adult Chinese population with no occupational exposure to phenols, and valuable results were obtained. This method is easily popularized and useful for collecting data regarding the exposure of various urinary phenols in the general population, and for exploring the health risks of various phenols in epidemiological studies.
